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SUMMARY
The superconducting properties of the spinel Lithium Titanate
a
were studied.The specimens were prepared by^reactive sintering
method using pure hydrogen as reducing agent.The specimens were 
iUe
analysed by^X-ray powder diffraction method.The crystal structure
Vvm/£ C' f'Oit t-C£
was found to h e  face-centered cubic#and could be represented by
*
the Space Group !$ $ $ • The unit cell parameter was found to vary 
with composition.For nominal stoichiometry ,the unit cell size 
was found to be ~  8.405 Angstroms. The surface texture was 
studied using o. scanning electron microscope .Some needle-like 
structures were observed. A cryostat was designed to study the 
magnetic behaviour at low temperatures . A vibrating Coil
Magnetometer was designed and used with the magnetic field
produced by a superconducting solenoid . Resistivity
measurements were made using a. four probe technique in the
temperature range 4«2 K to 295 K. Above the superconducting
transition temperature the specimens showed semiconducting 
behaviour .The superconducting onset temperature for different 
specimens varied from 9 K to 10.5 K with the A T C ~ 4  K.Normal 
state resistivities ranged from 0.006 to 0.07 ^-m at room
temperature and 0.02 to 0.17 &-m at a temperature just above tUe 
transition temperature.
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CHAPTER 1
INTRODUCTION
Ever since the discovery of superconductivity by Kamerlingh 
0nnes(191l) there has been an extensive search on for high 
critical temperature (Tc) and critical field (Hc ) 
superconductors.Although the phenomenon of superconductivity is 
theoretically fairly well understood, its application to many 
materials is unclear.Generally speaking crystal structure,lattice 
stability and electronic configuration are some of the factors
tUe,
which influence ^superconducting properties of materials. The 
majority of known high T c (>15 K) superconductors have either the 
sodium chloride structure (B1) e.g. NbN(Tc=15 K) or the A15 
structure e.g. V3Ga(Tc=15.4 K), Nb3Ge(Tc=23 K),Nb3Sn(Tc=18 K).It 
has been suggested that the high Tc in these compounds is due to
C X K V
the intrinsic structural instability [1 JL2 JL3 J,which in turn is 
linked with the excess volume afforded to one of the constituent 
atoms.Another group of compounds which shows a similar mechanism
for superconductivity are the spinels e.g. CuRh2S4 ,CuRh2Se4 
,CuV2S4 L4JL5J and LiTi204 L6J.
The compounds Li1+xTi2 x04 (0 < x < 0.5) have a face centred
o>K
cubic and 3=0- said to belong to space group Fd^m
L6 JL7 JL8 j.This was the first oxide superconductor reported. It
shows superconductivity in the composition range 0 < x < 0 .1 .
Throughout this range of composition there is a progressive
change from metallic through semiconducting to insulating
behaviour.As a dirty type-II superconductor it has interesting
Ck
properties with a possibility of^very high critical field [_9 j and 
possible use as a stable single material Josephson junction |_ 10J.
1.1 SUPERCONDUCTING PHENOMENA
Superconductivity is essentially a phenomenon of zero 
resistance at a low but finite temperature. In normal metals the 
resistivity decreases with decreasing temperature and assumes a 
constant value at temperatures very near zero Kelvin. In a large 
number of metals the resistivity suddenly drops to zero at a 
critical temperature vTc) which is characteristic of the 
metal.These metallic elements are superconductors. 
Superconductivity also occurs in a very large number of alloys 
and compounds. In the fully superconducting state a pure metal 
is perfectly diamagnetic.A current above a critical current>IC , 
through a superconductor drives it normal.Also a magnetic field 
above a critical field Hc ,destroys the superconductivity.The 
value of Hc depends on the temperature and can be approximately 
represented in a parabolic form.
Hc(t) = HC(0)[1 -c2] 1.1
where Hc(0) is the critical field at absolute zero and t is the 
reduced temperature T/Tc .
A superconductor tends to expel all magnetic flux density from
its interior.
B=0  1 .2
and this is called the Meissner effect.
The free energy difference per unit volume between
superconducting and normal states in zero field is :
Gn(0) - 0,(0) = ^ 0Hc  1.3
where G n(0) and G s(0) are the Gibbs energy functions of normal 
and superconducting states at zero field .
Two basic electrodynamic properties were described by F and H
London L11J as follows
E r: 1 ( A  J s)  1-4
dt  ~
_ B = V x ( A Js ) ...... 1.5
where A =~ ~ 2 = » ns number density of superconducting
electrons, X L is the London penetration depth and /x is the 
permeability of free space(4ffx10? Hm-1 ).
The magnetic field penetrates into the surface of a 
superconducting sample to a depth X called the penetration 
depth. X is also characteristic of a material.lt varies from 
material to material, typically a few hundred angstrom.
The penetrating magnetic field decays exponentially at the 
surface of the bulk superconductor:
B(x) = B(0)exp(-x/x )  .1.6
Experiments on thin films have shown that as the film thickness 
approaches the A value, the magnetization -M (in the diamagnetic 
sense) decreases. It was also noticed that the critical field Hc 
increases with decreasing film thickness. Measurements for 
Tin,Lead and indium were made by Lock J.M. U2J.
Another important idea,introduced by Pippard A.B. Ll3j»is the 
range of coherence .£ . The behaviour of a superconductor is
controlled by a long range order within the electron assembly. 
The electron travelling from a normal region to a superconducting 
region in a material changes its wave function from normal to 
superconducting over a distance £ . That is to say that the 
boundary between superconducting and normal regions is not sharp 
but diffuse over a small distance.
1.2 TYPE II SUPERCONDUCTORS
The majority of pure metallic element superconductors show a 
complete Meissner effect and a sharp transition from the 
superconducting to the normal state at a critical field H c .These 
are called Type I superconductors. On the other hand a few 
metallic elements and a large number of alloys and compounds show 
a partial Meissner effect above the critical field H c .With 
increasing applied magnetic field the transition from 
superconducting to normal state is very broad.These are called 
Type II superconductors.As the applied magnetic field is 
increased, at a point HCi the magnetization -M( diamagnetic) 
decreases in magnitude and the field starts to penetrate the
superconductor.As the field is further increased the hulk 
magnetization reaches zero at a point H C2 .Between H C1 and H c2 
the superconductor is said to he in a 'mixed state' [_Hj of 
superconducting and normal regions. The condition of Type I and 
Type II depends on the penetration depth X and coherence length £
. Roughly speaking if X < £ a material will he type I and if 
X > £ it will he type II. This condition is more precisely 
defined hy Ginzhurg and Landau hy introducing a parameter k = V ^  
(Ginzburg- Landau constant). If k < 1/^2 , a material is Type I
and if k > 1/n/2 a superconductor is Type II.
1.3 THEORETICAL IDEAS
The general electrodynamics of the phenomenon of 
superconductivity could he adequately described hy the London 
Equations lJ1J« The magnetic properties and the clear 
distinction between Type I and Type II superconductors has been 
treated by the Ginzburg-Landau theory. According to this theory 
the normal to superconducting transition is considered as an
ordering process. The ordering parameter is described hy an
effective wave function t  so that |^|2is equal to the density of 
the superconducting electrons. In the normal state ^ = 0  while 
in the superconducting state ^ has a value between 0 and 1 . In 
the completely superconducting state \f/ =1 . The free energy 
difference between superconducting and normal states can be 
written as a power series in I ^  12 .
Minimizing the Gibbs free energy for a superconductor in an 
externally applied magnetic field, the basic Ginzburg-Landau
6equations can be written as
1 *7
where A is the magnetic vector potential, a and p are the 
constants.
The current distribution in a superconductor is given by
As has been mentioned in the previous section Ginzburg and
Landau introduced a new parameter k = ^/t = 2^/2 X2e M Hc/-h .
0
1.3*1 MICROSCOPIC THEORY
The basic idea,that the superconductivity is caused by the
interaction between electrons as a result of electron-phonon
interaction, was first put forward by Frohlich [J5j*This was
confirmed by the observation of the isotope effect by Maxwell
L16J in mercury (Hg198 and Hg200 ).The superconducting transition
temperature was found to be a function of nuclear mass.
Following the basic idea of Frohlich a complete theory of
superconductivity was developed by Bardeen,Cooper and 
c
Shrieffer(BCS) [J7j • They based their theory on the fact that 
the interaction between electrons resulting from virtual exchange 
of phonons is attractive when the energy difference between the 
electron states involved is less than the phonon energy ti to .The 
attractive interaction in this state dominates the repulsive,
e
short-range , screened coulomb interaction between the electrons 
so as to give a net attraction. This gives rise to a cooperative 
many-partickle state which is lower in energy than the normal 
state by an amount proportional to (tico)2 .The two electrons
1 .8
7are.
attracted towards each other through the phonon called the
Cooper pair.
The critical temperature Tc for a weak coupling superconductor 
is given by
kTcM-,4Leip[ ' w l  - 1 -9
where N(0) is the electronic density of states at the Fermi 
surface and V is the pairing potential, ti to is the phonon energy 
and k is the Boltzmann constant.
The critical magnetic field H c at T=0 K is given by
i_
Hc(0) = 1.75[4tN(0)]2 kTc ...1.10
The BCS theory explains most of the superconducting properties 
adequately e.g. electronic specific heat,the Meissner effect, 
infinite conductivity and the dependence of Tc on isotopic mass. 
For most of the weak-coupling materials the agreement of the 
theory with experiments is good. However the values for 
strong-coupling materials (e.g. lead,mercury) deviates from the 
experiment. The BCS theory was extended to include 
strong-coupling superconductors by Migdal The theory was
further improved by Eliashberg [_ 19 J •
1.4 SEMICONDUCTING SUPERCONDUCTORS 
The semiconductors were generally thought to be not conducive 
to superconductivity for the simple reason that there are not 
enough electrons available in the conduction band to take part in 
the cooperative phenomena. The possibility of a 
semiconductor-superconductor transition was first analysed by 
Gurevich et al. l_20J. They showed that such a transition may
take place in a nonpolar semiconductor if the carrier 
concentration n > 1019 per c.c. In polar non-piezoelectric 
semiconductors the transition can occur only if the Fermi Energy 
is much higher than the limiting frequency of longitudinal 
optical vibrations. They also showed that it is more likely to 
occur if the electron-phonon coupling is strong.
The first semiconducting superconductor Germanium Telluride was 
reported by Hein et al. J_21 J.11 has a large carrier density 
(~0.9x1021 per c.c.). Another semiconductor Strontium Titanate 
was found to be superconducting J_22J with the Tc in the range 0.2
19 20
K and 0.3 K with carrier concentrations ~  3*3x10 and 2.5x10 
per c.c.For this semiconductor the Ginzburg-Landau constant 
K= was estimated to be > 100.
Using the BCS theory and the Many Valley Semiconductor Band 
Structure model Cohen [23J,L24J,[2 5 J has described the conditions 
for the occurrence of superconductivity in degenerate 
semiconductors. He showed that the attractive electron-electron 
interaction arising from the exchange of 'intravalley' and 
'intervalley' phonons can be larger than the repulsive coulomb 
interaction in many valley semiconductors and semi-metals and 
hence superconductivity is then possible. However maximization 
of carrier concentration n is essential, for the larger the 
number of n the larger is the density of states N(0 ).Looking at 
the BCS equation for Tc ,the exponential part contains N(0) and 
hence Tc is a sensitive function of carrier concentration. The 
estimated value of Tc for a degenerate semiconductor was
9estimated by Cohen to be 0.1 K.
There is another type of semiconductor known as a granular 
semiconductor (the limiting case is amorphous) which could show 
superconductivity. For very small grains of metallic 
superconductors the superconductivity is lost along with the 
normal metallic conduction |_26J. However, for larger grains 
a superconducting transition is possible.The
semiconductor-superconductor transition is believed to be due to 
an interplay between intergrain tunneling coupling energy and
^  S 'Josephson coupling energy. W p granular Aluminium films have
tkeir
been studied by Deutscher et al. |_27J who showed that i^s Tc
tUe.
changes with the behaviour of d&s normal state resistivity. 
Similar effects have been shown for Al-Ge films L28J. In a 
composition induced metal-insulator transition it was shown that 
in a narrow range of metal concentration a
semiconductor-superconductor transition takes place.
1.5 HIGH Tc SUPERCONDUCTORS 
The compounds most prolific in high Tc ( >15 K) are either A 3 B 
type A15 compounds or compounds related to NbN with the B1(NaCl) 
structure. The first high Tc A15 compound,V3Si(Tc =17 K), was 
discovered by Hardy and Hulm |_ 29J along with a few others with 
lower Tc's. Several other A15 compounds were made soon after: 
NbSn(Tc=18 K)l_30j, Nb 3 (Al,Ge)(Tc=20K)[_31 J. The highest Tc 
superconductor to date is Nb3Ge(Tc=23 K)[32j. The structure of 
A15 compounds is cubic with the space group 0^ -Pm^n.The A atoms 
form three mutually perpendicular chains and B atoms are located
10
inside icosahedral cages formed by A atoms.In the A15 structure 
the radius ratio of the A and B atoms tends to be nearly unity.The 
A atoms generally are from periodic group IVA,VA and VIA 
(transition metals : Ti,Zr,V,Nb,Ta,Cr,Mo and W) while B atoms
are mainly from group IIIB and IVB and the precious metals 
Os,Ir,Pt and Au. The most likely electron-to-atom ratios are 
close to 4*75 and 7 *0 .
The other group of high Tc compounds i s the transition metal 
carbides and nitrides e.g. NbN(Tc=17 K),MoC(Tc=14 K),MoN(Tc=15 
K), (Nb-Ti)N (Tc=18 K).In these compounds Tc can be drastically 
reduced by departures from stoichiometry. The electron-to-atom 
ratio is close to 4 .7 .
Apart from the above two groups of compounds with high Tc , at
a slightly lower temperature ( ~  10 K) a wide range of binary and
ternary superconductors exist. The compounds belonging to the so 
called Laves phases show superconductivity : V2Hf (Tc=9-2 K), V2
(Hf0>5 Zr0-5) (Tc=10.1 K).Several compounds belonging to the Chevrel 
phases have been found to be superconducting e.g. PbMOgSg (Tc=14 
K).PbMo5 S6 has a very high critical field H c (~5 0  Tesla). The
ft
spinel oxide LiTi204 (Tc ~ 1 3  K) is the first such to show^high Tc •
1.6 THEORIES -OF HIGH TQ MATERIALS
Surveying the occurrence of superconductivity in the periodic
i
chart Matthias [_33j>L34j suggested a few empirical rules:1) Tc 
varies with the valence electron-to-atom ratio e/a for metals and 
alloys between metals of the same period 2) For non-transition
11
metals Tc increases as e/a increases from 2 to 6 . For transition 
metals Tc has two peaks at e/a ratios of 4*7 and 6.4 and a sharp 
minimum in between.
is
Looking at the BCS equation for Tc it^clear that the transition 
temperature is dependent on the electronic density of state N(0 ) 
at the Fermi level and the electron-phonon interaction parameter 
V. The relation can be written as
Tc «  0 n e x p  —\  — -1 ...1.11L N(0)V J
where 0 D is the Debye temperature. The value of N(0) can be 
estimated from the temperature coefficient of electronic specific 
heat. The accurate value of V is however difficult to derive 
from first principles. The formula works satisfactorily with 
weakly coupled (electron-phonon) superconductors.
4
The BCS theory was extended for strongly-coupled 
superconductors by McMillan L35j who derived the following 
relation
= ^ e x p [ - J-04(l+A-) _ l
1-45 L Ac-M*(l+0.62 Ac) Jt c -rr.exp i ^ ------   | ...1.12
where Ac is the electron-phonon coupling constant (attractive) 
and p* is the repulsive coulomb coupling constant. Making use of 
the known superconducting and normal state properties,McMillan 
found a relation between them. The value of p* could be derived 
from the isotope shift of Tc data. 0 D could be derived from 
specific heat measurements and hence the value of Ac could be 
derived from equation 1 .1 2 .
Dynes [_36j pointed out that using the correct value of average 
phonon energy < oj > instead of using 0 D gives better results:
12
1.04 (1 + Ac )______
Ac- M *(1 +0.62 Ac) 1 .13
He compared the calculated and measured T c values of a number 
of superconductors for which < w > is known and found the values 
derived from equation 1.13 were much closer to measured values 
than those based on equation 1.12 .
In the case of A15 compounds the Tc is believed to depend on
the crystallographic long range order (LRO) L37J, L58J which is
apparent from the A atom chains present in the A15 structure. 
The Tc 's of A15 compounds are sensitive to composition, addition
of third element and degree of LRO. The compounds are generally
extremely sensitive function of atomic ordering (a factor of 300 
for V 3 Au ). A model was presented by Labbe et al. [39J showing 
the dependence of density of states on the degree of order and 
the increase in the electronic specific heat with increasing LRO.
It was thought that the change in Tc with LRO is an electron 
rather than a phonon effect. Even the low temperature 
martensitic structural transformation in some of the A15 
compounds has been explained by the electron effect.
The instability of the A15 structure suggests that tte
electron-phonon process is at^Least partly responsible for the 
high Tc's . A model was presented by Testardi [40J based on 
anharraonic phonon behaviour which differs from the 'electron 
process only' approach. It concluded that structural instability 
is favourable for high Tc . A lattice softening precedes a phase 
transformation at low temperatures which enhances
unstable and dificult to make 
A
In some compounds Tc is an
1 3
electron-phonon coupling. It has been suggested [41J that this 
could be responsible for ~  6 to 8 K in the value of T c . Taking 
the specific case of Nb3Sn ,Allen [42J has remarked that ’soft’ 
phonons may contribute ~  20 percent in Ac which might raise Tc by 
~ 2 K.
1.7 OFF-CENTRE ATOMS AND STRUCTURAL INSTABILITY
In many compounds the crystal structure is made up so that one
of the constituent atoms with a larger radius forms the main
I
matrix while the other atoms with smaller radii fill the cavities 
formed by the larger atoms. In this situation the smaller atoms 
are held loosely in cages L4-3 J »L44J with either humped,flattened 
or complex potential wells. In many crystals this situation 
could be induced by adding 'small atom' impurities. These 
compounds show unusual properties especially at low temperatures 
and the effect is usually referred to as low temperature 
anharmonicity.
Among the effects observed due to low temperature anharmonicity
a
are: heat capacity an$moly,ferro-electricity, thermal
conductivity changes , infra red absorption, superconductivity 
and changes in elastic constant. A common example is BaTi03 |_43j 
which shows ferro-electricity. The LiCl-doped KC1 shows an 
electro-caloric effect L45J • In the superconducting A15 
compounds of the type A3B, the A atoms form an icosahedral cage 
containing the B atom which is too small L44j» This is thought 
to give rise to the intrinsic structural instability. In many 
A15 compounds a martensitic type structural transfomation takes
14
place. The lattice softening and structural transformation have 
been reported for Nb3Sn L46J, V3Si I.47J- A martensitic 
transformation has been observed directly under a transmission 
electron microscope for V3Ga film by Nembach et al. [48J-
Similarly for NbN type compounds the high Tc superconductivity 
has been attributed to lattice softening and instabilities 
L49J»L50J. The same sort of mechanism is believed to exist in
ternary spinels like LiTi204 L44J, CuRh2S4 , CuRh2Se4 [_51j.
1.8 THE SPINEL STRUCTURE
The spinel compounds are of the type AB204 where A and B are
the cations.The spinels crystallize Wi^L a face-centered cubic
jio-HXce. (k
•st-ruetijre. The structure can best be described by^ close packing
spheres model such that oxygen atoms, having larger atomic
radius, build the matrix while the A and B atoms (of much smaller
radii) fill the cavaties formed by it.There are eight formula
units in a cubic unit cell. In the normal spinel configuration
the A atoms occupy 8 of the 64 available tetrahedral voids while
B atoms reside in 16 out of the 32 octahedral voids. The
distribution of A and B atoms in the tetrahedral and octahedral
sites can be different from the normal configuration. This
distribution usually determines the properties of the spinel. In
the normal spinel the ions in the octahedral sites occur in ^
iv%
diagonal rows in the planes imediately above and below. The ions
A
in the tetrahedral sites are arranged as in the diamond 
structure.
The inverse spinel has about half the atoms occupying the
15
fc
tetrahedral sites while the f t  atoms and the other half of the Xj> 
atoms occupy the octahedral sites.
The normal spinel is generally referred to the space group
fckvi
Fd3m. In the powder diffraction patterns requires the
systematic absences of reflections [ 5 2 ]  of the following type:
For hkl: h-*k=2n+1 ,k+l=2n+1 ,l+h=2n+1
For hkO: h-Hc=4n-H-
For hh-1-:-- h^i^Odd—
For—hOQ-:--hn4n-
It appears that the symmetry Fd^m does not precisely hold for 
all the spinels. It has been shown L53j>L54J,[ 5 5 ] that the 
physical properties of many of the spinel compounds can be 
explained better if the space group F43m is assumed instead of 
Fdj5m.
The spinel compounds can possess a wide range of solubility and
hence approximate compositions can exist. We can have a
composition of the type A1+xB2_x04 . To satisfy the
compositional formula AB204 the valency of the three cations
should add upto +8 to account for four oxygen atoms (-8 ). This
can sometimes be done by A and B atoms of mixed valencies.
1.9 SPINEL LiTi204
Lithium titanate Li1+X Ti2_x 04 was first discovered by
Deschanvres [7j in the composition range 0 < x < 0 . 5 3 • The
distribution of cations in the tetrahedral and octahedral sites 
was according to :
L l T E T  [ L l X T:L1 - 3 X  T l 1 + 2 X  ] o c t 0 4
16
The superconductivity in the Li-Ti-0 system was first reported 
by Johnston et al. [6j.They prepared specimens of Lii,vTi,_v0.
I *T“ X ^ X A 
” 0 ‘2- <xS
in the composition range < x < 0.3 9.nd identified b belong!^ 
to space group Fd3m. The unit cell size ranged from 8.36 
angstrom to 8.40 angstrom for the nominal composition^ Lt
1.10 SUPERCONDUCTIVITY IN THE Li-Ti-0 SYSTEM
LiTi204 was reported to be superconducting with T c in the 
range ~ 7  to 13 K by Johnston et al. [6j. They prepared the 
specimens by arc melting Li2C03 , Ti02 and Ti metal together and 
also by sintering Li2Ti205 and Ti203 under helium or argon 
atmospheres. Sintering of Li2C03 and Ti02 under hydrogen was 
also used. The specimens were generally multi-phased and impure. 
More recently Grimes et al. [_8 J have prepared single phase 
material with a unit cell parameter a0 ~8.408 angstrom.The 
superconducting transition was sharp with a Tc=12.4 K and 
transition width A T C =0.46 K. A number.preparation methods were 
used by Roy et al. |_9j who found Tc ~11.4 K ( A T C =0.4 K) and 
a 0 ~  8.405 angstrom. The Hc2 was found to be ~8.25 Tesla.
Although Li1+xTi2_x04 can be prepared in the compositional 
range 0 < x < 0.3 » the superconductivity, occurs nearer the
stoichiometric composition 0 < x < 0.1. Going from x=0 to x=0.3, 
a metal to insulator transition occurs. More recently Inukai 
et al. L10J have prepared thin films of LiTi204 (Tc=11 K) by 
radio-frequency magnetron sputtering. They have proposed that it 
can be used as a very stable Josephson junction since the 
composition range includes metallic and insulating phases while
17
the crystal lattice remains the same. A serious cause of 
instability in the conventional Josephson junction of the 
metal-oxide-metal film type is the differential thermal 
contraction between the three films. It is proposed that if a 
single material Josephson junction^ could be made this problem 
could be overcome.
The value of HC2 seems to vary from sample to sample |_9j,L56j. 
Foner et al.[56j have measured HC2from 10 to 18 Tesla.
1.11 PLAN OF THE THESIS
In chapter 2 a general review of the magnetic measuring 
techniques is presented with special reference to Vibrating Coil 
Magnetometers. This is followed by an extensive chapter on 
experimental methods used for the project giving details of the 
cryostat design and operation. Chapter 4 describes the 
resistivity measuring procedures with brief details of the 
specimen mount. The specimen preparation techniques (powder mix, 
sintering) and charecterization (X-ray powder diffraction, 
electron microscopy) constitute chapter 5 * The results and 
conclusions are given in chapters 6 and 7 .
CHAPTER 2
MAGNETOMETRY
A very large variety of apparatus for magnetic measurement
exists. Each method has its own merits and limitations.
The measuring methods are conventionally divided into two
groups of direct and indirect techniques.The direct techniques
basically fall into two categories; one is the measurement of
force experienced hy a dipole sample in an inhomogeneous magnetic
field, and the other is the measurement of an emf induced in an
electrical circuit (usually a set of coils) hy the varying
magnetic field of the sample. A VCM(Vibrating Coil Magnetometer)
t
was designed and used for this project,which belongs to the later 
category. A wide variety of indirect methods is available for 
different situations and materials. These depend on one of the 
physical properties which is related to the magnetic behaviour. 
Some of the techniques are: Hall effect, LC circuits, optical
fibre perturbation by magnetostriction ,SQUID Magnetometers,
18
19
Nuclear Magnetic Resonance (NMR), Electron Spin Resonance (ESR), 
Mossbauer effect, neutron diffraction and Electronic Paramagnetic 
Resonance (EPR).
For the measurement of magnetization and susceptibility, one of 
the most popular and simple magnetometers in recent years has 
been the vibrating coil (or vibrating sample) magnetometer.
The basic principle is to convert the dipole field produced by 
a small sample placed in a uniform magnetic field, into an A.C. 
signal by vibrating a pick-up coil near it. Conversely the
sample can be vibrated with the pick-up coil fixed. A large
number of modifications and improvements have been reported in 
the literature since its invention in 1956.
2.1 VIBRATING COIL MAGNETOMETER
For the VCM in its simplest form a small specimen is placed in 
a uniform magnetic field. This acts as a small dipole producing 
a field proportional to its magnetisation and hence the
susceptibility. A coil (or a set of coils) is vibrated at a low
frequency and picks up a signal induced in it due to the dipole 
sample.
In figure 2.1, VG is a vibration generator, which could be an 
electromechanical device like an audio speaker or a bimorph 
piezoelectric oscillator. Vibration is transmitted by a long rod 
(or tube) down to the centre of a superconducting solenoid. A 
set of coils C 1 and C 2 (attached to the vibrator rod) picks up 
the signal from the sample. Outside the solenoid a coil C 3 is 
attached to the vibrator and is located inside a fixed Helmholtz
20
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Fig. 2.1 Outline of the Vibrating Coil Magnetometer.
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pair C4 .A direct current is passed through either C 3 or C4 so 
that a reference signal is generated in phase with the sample 
signal. The most common mode of operation is to connect up the 
pick-up coil and reference coil in series opposition so that the 
two signals cancel each other and a null point is achieved. 
Usual electronic signal recovery methods are used with a lock-in 
amplifier as the main component.
The signal induced in the pick-^ip coil is calculated by 
imagining a single turn of ^ the coil of radius p at an axial 
distance z0 from the magnetic dipole (vibration direction being 
in the z-axis). For a harmonic vibration of the coil
z = z0 + 6 Sinu>t .......2.1
where 8 is the'amplitude of vibration.The instantaneous voltage 
induced is
/d <t> 
e ■ - \ d z
where 0 is the flux linkage with the turn.
For optimized z0 the value is given by
e = - -0.™ ■■ sincut ....2.3
52 P 2
where u> is the angular frequency of vibration, M 0 is the 
permeability of free space, m is the dipole moment of the sample. 
This type of vibration coil magnetometer (VCM) where the axis of 
the pick-up coil is parallel to the applied magnetic field and
the direction of vibration is also parallel, was first reported
in 1956 by D.O.Smith [57J.However Smith used an electromagnet 
with one of the pole pieces drilled with a hole through which 
passed the vibrating rod. A single pick-up coil was used with
dz
dt 2.2
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distances from the sample as far as 2 cm. This makes it easy to 
incorporate equipment for changing pressure, temperature etc. of 
the sample.
A magnetometer similar to that of D.O.Smith, where the sample
is vibrated while the pick-up coil remains fixed (VSM) was
reported in the same year as that of D.O.Smith, by Simon Foner
[58J. An electromagnet was used to produce the magnetising
field. The sample was vibrated perpendicular to the field. A
set of pick-up coils was used with axes parallel to the vibration
direction. A small permanent magnet was used to produce a
c
reference signal.A narrow band amplifier and oscillosope were
k
used for null detection. Later in 1959 S.Foner L59J designed an
improved and versatile vibrating sample magnetometer with a
variety of coil configurations. Since then the number of
different variations of VCM and VSM has been considerable. A VSM
using auto-nulling has been reported by Springford et.al [_60j. A
superconducting solenoid (10 Tesla) was used. The arrangement
was similar to that shown in figure 2.1. The combined signal
(pick-up + reference) was preamplified and fed into a phase
sensitive detector (PSD). The output of the PSD was amplified
(by a DC amplifier) and fed into the DC-coil of the reference
coil system, which in turn produced a signal to counterbalance
U
the sample signal. The balancing was continous. The
k
measurements were relatively insensitive to small - changes in 
vibration amplitude and frequency since such changes affect both 
sample and reference in the same way. It was also independent of
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the gains and linearity of the amplifiers.
Working at low temperatures and using a superconducting
solenoid to produce a magnetising field, a VSM has certain
disadvantages: 1) Temperature instabilities due to sample motion
2) The problem of thermal contact 3 ) For type II superconductors 
the sample motion has a substantial effect on the magnetic state 
and finally 4) The magnetic image effect in the superconducting 
solenoid.
At very low temperature the heat capacities are small and the 
thermal conductivities are high. Due to vibration the sample 
temperature can change (Kaeser R.S. et al [61J)- D.E. Farrell 
L62J has also mentioned temperature instabilities due to sample 
vibration. To change the sample temperature at low temperatures 
a thermal link is used. It could either be a gas at low pressure
(e.g. Helium) or a solid thermal link. The gas only works above
about 4K and the temperature change is also slow. For 
temperatures below these and also for quicker changes of 
temperature a solid link has to be used. Usually a weak thermal 
link is used along with a heater coil. The temperature of the 
chamber is kept low so that the sample is continuously cooled 
while the temperature is controlled by a small heat input
produced by the heater coil. This method is especially useful
for automatic control of temperature. For a vibrating sample it
is difficult to have a very effective solid heat link, as all 
materials go brittle at these low temperatures and hence could
put constraints on the vibration amplitude. In the case of a
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VCM, however, a good solid thermal resistor could he used and the 
temperature changed very quickly.
When studying type II superconducting materials, the sample 
motion seriously affects the magnetic state of the sample. D.E.
Farrell [.62] has discussed the effects of sample motion on the
static magnetization features. In a ballistic method used by R. 
Radebaugh and P.H. Keesom [.63] for vanadium specimens a 
considerable amount of hysteresis was observed. Also the value 
of H Ci did not quite agree with the one calculated 
thermodynamically. For H > H C1 the magnetization in increasing 
fields was lowered after jarring. Similarly for decreasing 
fields the magnetization increased after jarring. In another 
experiment on niobium by Finnemore et al.[64j similar effects 
were found. The change in the magnetization of a sample upon a 
slight increase (or decrease) of the field was dependent on the 
fact that the sample had been jarred as it was pulled between the 
measuring coils. "It is as if the vibration assists the flux
movement in or out of the sample".
In the neighbourhood of a highly permeable medium, a magnetic 
material induces a magnetic moment in it. This is called the 
image effect. Using a VSM with a superconducting solenoid
, D.B.Richards et.al |_65j encountered serious difficulties due 
to the image effect. The accuracy was severely limited by an 
unstable magnetic effect. One of the methods of reducing this 
effect is to use a large bore magnet [_59J or to use a VCM.
The major difficulties involved with the VCM are the
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non^uniformity of the applied magnetic field and the non-axial 
motion of the vibrating coil with respect to the applied field.
2.2 CALCULATION OF SIGNAL INDUCED IN THE COIL
A great variety of pick-up coil configurations and geometries 
is possible. Foner [_59j has discussed a few coil arrangements. 
Analysis of the signal induced is given by Mallinson j_66J, Bowden 
[67j and Smith L57J*. For the magnetometer using the conventional 
electromagnet (similar to Foner [_59_|),Bowden derived a general 
equation. If the sample in a VSM is sinusoidally vibrated over a 
small distance <9r(t) ,it induces a change of flux dB(t) at point 
r
dB(t) =  M0dr(t)-.grad[H (r) ] ....2.4
where H(r) is the field vector.
A generalized analysis of the signal for any orientation of the
magnetic field, vibration direction and detection coils is given
by Bragg and Seehra [_68J and recently by Pacyna L69J* Pacyna has 
separated the geometrical factors from the magnetic induction and 
hence simplified the calculation of the induced emf for any 
configuration. Assuming a point dipole and a single turn pick-up
coil, induced emf is given by
d ^
e = - A  - d S =  - ( £  R*[(dSxgrad)xA] ....2.5
where A is the vector potential of the sample magnetic field, R
is the time-dependent distance between the sample and an element
dS of the coil circumference.
The induced emf is given by
e = mw<5 m. gCosuit ....2.6
Fig. 2.2 Analysis of the Induced Signal.
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where
where 6 is the amplitude of vibration, id is the angular frequency 
and k is a unit vector in the direction of vibration. g is 
called the vectorial geometry factor (VGF) and can.be calculated 
for different coil configurations and sizes. For the simple
D.O.Smith L57J case
gk = ±67rp2R0 a“ 2"k ___ 2.8
where a 2 = Rq + p2 an(* p -^s radius of the coil.
In the above calculations it was assumed that the sample size 
is small so that it can be considered as a point dipole. The 
signal induced is increased if the filling factor (ratio of 
sample volume to effective detection coil volume) is increased 
(S.Foner L70J). This is because the detected signal increases 
inversely as the cube of the distance between the detection coils 
and a dipole sample.
CHAPTER 3
EXPERIMENTAL METHODS
3.1 MAGNETOMETER
The magnetic measuring device was a vibrating coil 
magnetometer. A uniform magnetic field of the order of 2 Tesla 
was produced by a superconducting solenoid.
The specimen attached to a rigid copper holder was connected to 
a liquid helium can through a stainless steel tube acting as a 
thermal resistor. A heater coil was used to control the 
temperature.
A pair of pick-up coils was connected by a long stainless steel 
tube to an electromagnetic vibrator outside the cryostat. A 
reference signal was produced by a coil located inside a pair of 
Helmholtz coils mounted slightly above the cryostat cap.
Figure 3*1 shows the essential parts of the vibrating coil 
magnetometer. VG is the vibration generator, E is the stainless 
steel tube, F is the pair of pick-up coils on a former attached
28
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Fig. 3.1 Essential Parts of the Vibrating Coil 
Magnetometer.
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to the vibrating system, G is the specimen and K is the 
superconducting solenoid. R is the reference coil located inside 
the Helmholtz coils H.
3.1.1 VIBRATION GENERATOR
The vibration generator was a miniature electromechanical 
device (Pye-Ling, type V47) with a power rating of 3 to 6 watts. 
Its impedance upto 100 Hz was 300 ohms.
The vibrator was placed in a cylindrical brass vacuum chamber 
(fig.3.2) outside the main cryostat at a height of 30 cm above 
the top-plate. The vacuum chamber consisted of a vertical 
cylinder of 13 cm length, and the lower part was soldered to a 
stainless steel tube of 2.54 cm dia which ran down into the main 
cryostat and was the main mechanical support for the chamber.
The vibrator was mounted on four threaded brass rods from the 
top plate of the chamber which makes an 'O' ring seal.
3.1.2 VIBRATION DRIVING TUBE AND SPACER
The vibrations from the vibrator were transmitted through a 
long stainless steel tube of 3*16 mm diameter shown in figure 
3 .1.A set of three fixed tubes run along side the vibrator tube
E.These tubes (2.03 mm diameter) radially distributed ar/ound the 
central vibrating tube at 120°angles had an assembly of spacers 
attached to it for keeping the vibrating tube from moving 
sideways. Fig 3*2 shows the vibration generator inside the 
vacuum chamber with its support system and spacer. The details 
of the spacers jts' also shown.
Each spacer consisted of a circular brass rim connected to a
31
VG
CENTRAL
VIBRATING TUBE
SPACER
SUPPORT 
TUBE -
STAINLESS STEEL 
TUBE
HOLE F O R  1
VIBRATING TUBE\
THIN COPPER WEB
HOLE FOR SUPPORT 
TUBE
BRASS RIM
Fig. 3.2 Vibrating Mechanism, (a) Vibration Generator and the 
Attached Tubes, (b) Details of the Spacer Assembly.
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brass hub at the centre through a perforated web made of copper 
foil. There were three holes radially spaced to fit the three 
support tubes. The hole in the hub was for the central vibrating 
tube. Five of these spacers were slid on to the tubes and spaced 
out over the length. They were then glued on using epoxy resin 
(Araldite).
In this system the rims remained stationary while the central
tube was vibrated through the flexible copper foil.
3-1.3 PICK-UP COILS 
The signal pick-up coil assembly is shown in figure 3«3(a),and 
consisted of two coils 9 nmi apart with inner dia 6.0 mm , the
outer dia 10 mm and 3 nim width. The coils were wound on a
perspex former (1000 turns each) with SWG 47 enamelled copper 
wire.
The wires from the coils were soldered on to a miniature 
terminal board stuck on to a slot cut on the coil former. The 
four terminals were connected to the outside of the cryostat with 
a thicker wire (0.135 rani dia). The coil former F is attached to 
a threaded copper connector C with a teflon washer TF. A piece 
of stainless steel tube V was silver soldered to this connector. 
The other end was joined to a brass rod B which slides inside a 
brass cylinder BC. Two grub screws G hold this rod in position. 
With this arrangement the height of the pick-up coil could easily 
be adjusted.
3.1.4 REFERENCE COIL 
The reference coil system (Fig.3 .3(b)) consisted of a coil R
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The Reference and Vibrating Coil Assembly.
VT = Vibrating Tube, BC = Brass Cylinder, G = Grub screws,
B = Brass rod, V = Stainless steel tube, C = Copper connector, 
TF = Teflon washer, F = Perspex coil former, P 1 , P2 = Vibrating 
coils, S = Specimen, H = Helmholtz pair, R = Reference coil.
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attached to the vibrating tube mid-way between the cryostat top 
plate and the vibrator generator while a slidable Helmholtz pair 
H was positioned concentrically on the outside of the main 
stainless steel tube. A D.C. was passed through the Helmholtz 
pair (connected in series opposition) so as to produce a magnetic 
field at the reference coil. When the reference coil is vibrated 
along with the pick-up coil, a signal is produced proportional to 
the current in the Helmholtz pair. The reference coil R had 500 
turns of copper wire. The Helmholtz pair H was made up of 850 
turns each. The reference coil former was made of tufnol with a 
mean diameter of about 10 mm. The Helmholtz coil former was made 
of brass with a mean dia of the coil 40 mm and distance between 
the coils 20 mm.
3.1.5 SUPERCONDUCTING SOLENOID
The superconducting magnet used was a 2 cm bore solenoid 
(Oxford Instruments) wound from copper clad niobium-titanium wire 
and rated to produce a uniform field of 2 Tesla at 40.412 
amperes.
The maximum rate of increase of current was 2 amperes per 
second. A superconducting switch is incorporated in the 
solenoid. The current was supplied to the solenoid by a 
stabilized power supply (Oxford Instruments) in conjunction with 
an electromechanical sweep generator (Oxford Instruments). The 
sweep generator produces a ramp voltage of 0 to 5V in the time 
ranges between 1 minute and 1000 minutes which changes the 
current smoothly from 0 to a maximum value set on the current
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control. The main current leads were 16 SWG copper wire inside 
the cryostat.
3.2 CRYOSTAT
3.2.1 GENERAL
The magnetometer and other parts of the cryostat were 
mechanically supported from a circular brass top plate 18 cm 
diameter which fits on top of the glass helium dewar.This top 
plate is fixed on a frame-work at a height of about 2.5 meters 
from the floor.The glass dewars were raised upto it for the 
experiment.
Eig 3«4(a and b) shows the main parts of the cryostat. The 
vibration generater VG is mounted inside the cylindrical brass 
container. A stainless steel tube of 2.54 cm diameter runs down 
to another vacuum chamber B inside the cryostat and is silver 
soldered to its top plate. The vacuum chamber B is a cylindrical 
brass casing with a long stainless steel tail attached at the 
bottom.The 28 cm tail fits inside the superconducting solenoid. 
This casing is held to its top plate through a demountable indium 
seal I to make it a vacuum tight joint at liquid helium 
temperatures. Inside this casing a smaller diameter can ' D' with 
a hole in the middle is placed for letting a small amount of 
liquid helium in , through the needle valve A. This helium is 
used to lower the temperatures below 4.2 K by pumping over it. 
The pumping tube M for this purpose was made up of three sections. 
It starts with a narrow tube 3*215 nun diameter and 8.5 cm 
length.This is connected to a wider tube of 10.53 mm diameter and
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Fig. 3.4 (a) The Cryostat.
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Fig. 3.4 (b) Magnified View of the Tail of the Cryostat.
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25 cm length.This finally widens into a 25-52 mm diameter tube 
connected to the vacuum system.The reason for this is to limit 
the superfluid helium II film flow up the tubes.
The can D is connected , at its lower end , to another can J by 
three capillary stainless steel tubes (CT). The tubes and the 
can J are separated from the vacuum jacket by teflon spacers. 
These insulate the system of the two helium cans (D and J) and 
their connecting tubes from the vacuum chamber wall which is at 
liquid helium temperature.
At the top of the lower helium can J is the specimen mount 
system with a temperature controlling arrangement.
(Ke
All the tubes , connected between chamber B and , cryostat top
A
plate TP, pass through ( and were soldered to) a liquid nitrogen
can N ,near the top plate TP, to reduce heat input from outside
the cryostat.
A pair of glass dewars ( one inside the other) was placed in 
blocks of expanded polystyrene held together by a dexion frame. 
The inner dewar,with a tail at the bottom, was used for liquid 
helium while the outside dewar was filled with liquid
nitrogen.The helium dewar had a port P with a glass valve , near
the brim, for evacuating the dewar before every run.
5-2.2 SPECIMEN HOLDER
The specimen holder assembly is shown in figure 5-5- A 
stainless steel tube (R) 7 mm diameter and 18 mm long is soldered 
on to the lower helium can J. This acts as a thermal resistor 
linking the specimen thermally to the lower helium, can. The
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Fig. 3.5 Specimen Mount and Vibrating Coil.
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upper end is soldered to a copper cylindrical fitting with a grub 
screw GB. Sliding inside this is a copper cylinder (CC). The 
thermometer sensor (CG) was placed inside this copper cylinder. 
A cylindrical copper block B was screwed on top of this 
thermometer casing. The copper block B had a cylindrical rod of 
2 mm dia and 8 mm length.The specimen S wrapped in a high 
conductivity copper foil is push-fitted to this block. A heater 
coil (H) was used to control the temperature. The specimen is 
positioned in the middle of the two pick-up coils (P).
3.2.3 TEMPERATURE CONTROL
On the specimen holder assembly a heater coil was wound in a 
single layer and was painted over with GE 7031 varnish for good 
thermal contact.This wire was a non-magnetic Nichrome wire (type 
NC-32, Lakeshore Cryotronics).After the specimen temperature was 
lowered to a minimum by can J , a small current was supplied to 
the heater so that the temperature rose slightly.Using the fine 
control of the power supply a balance could be achieved for a 
particular specimen temperature.
3.2.4 TEMPERATURE SENSOR
The thermometer used to measure the specimen temperature was a 
Carbon-Glass sensor(CGR-1-1500 Lakeshore Cryotronics) with a 
resistance range of 1300 to 1750 Ohms between 2K to 100K.The 
reason for selecting a Carbon-Glass sensor was that the effect of 
the magnetic field on the sensor is low and the change of 
resistance with temperature is high. Typical response to a 
magnetic field of 2.5 Tesla is given by the manufacturers as an
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error of 0.5 percent at 4*2 K and less than 0.1 percent at 15 K 
and above. A DC four probe technique was used to measure the 
resistance. The current was supplied by a programmable constant 
current source.
5-2.5 TEMPERATURE MEASUREMENT 
The Carbon-Glass thermometer was supplied with 60 calibration 
points by the manufacturers (Lakeshore Cryotronics). This data 
was interpolated using the cubic spline fitting method to 
generate a calibration chart with several thousand points at an 
interval of 0.01K. A computer program (FORTRAN) was written 
using cubic splines routines from the NAG library.
This subroutine determines a cubic spline S(x), defined in the 
range x 1 ^ x ^ xM ,which interpolates (passes exactly through) the
set of data points (Xj ,y; ) for i=1 ,2,5.......M, where M >y 4 and x-!
< x2< ... < xM. The spline interpolant chosen has interior
knots at x3 ,x4 ,... ,x m_2.A11 the Xjare used as knot positions
except x2and xM-1 . This choice of knots means that S(x) is 
composed of M-5 cubic arcs as follows: If M=4, there is just a
single arc spanning the whole interval x-i to x4. If M >y 5, the 
first and last arcs span the intervals x.. to x 3 and x. to xM
M — 2
respectively. The rounding errors incurred are such that the 
computed spline is an exact interpolant for a slightly perturbed 
set of ordinates y. +6y .The ratio of the root-mean-square value 
of the 5y to that of the y  is no greater than a small multiple of 
the relative machine precision.
Unfortunately, while at the liquid helium temperature it was
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noticed that the carbon-glass thermometer was reading 4»59K 
instead of 4»2K, a difference of 0.39K. At liquid nitrogen 
temperature the error was 20K. Hence the thermometer was 
compared with a copper resistance thermometer (room temperature 
resistance of 12000 ohms) down to 20K. Several fixed points 
(liquid nitrogen, melting ice ) were also used. The liquid 
helium was taken as a lower fixed point. A graph was drawn 
between temperature and the corrections. The correction was made 
to all values read by the carbon glass thermometer.
3.2.6 ELECTRICAL LEALS 
In cryostats a serious cause of heat leaking in is the 
electrical leads. Electrical leads are usually of copper which 
has a high thermal conductivity especially at low temperatures. 
The usual practice is to use the smallest diameter wire possible 
without losing the sensitivity of the measurement or overheating 
in the case of power supplies. Especially tricky is the problem 
of power supply to the superconducting solenoid (40 Amperes for 2 
Tesla field). An optimum design was made using a 16 SWG 
enamelled copper wire shaped into a spiral of 2.5 cm dia and 1 cm 
between each turn. This acted as a heat exchanger, heat being 
taken away by the out flowing cold helium gas. The spiralling 
also increased the heat path from the liquid nitrogen can to the 
liquid helium level in the cryostat. These leads were thermally 
attached to the liquid nitrogen can using the GE 7031 varnish. 
Outside the cryostat a pair of support conductorswas attached to 
these leads. A small portion of enamel was scraped from each
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- IC•3• 1 (a) The terminal board for electrical connections 
inside the vacuum chamber.
PIC.3.1 (b) The vibrator chamber and the view above the 
top plate of the cryostat.
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wire and a 17 SWG wire was soldered on to each of them. These 
wires run parallel to the original leads upto the power supply 
unit. This reduced the heating of the leads at the room 
temperature.
All the other leads were made of thin enamelled copper wire or 
miniature coaxial cable (Lakeshore Cryotronics).
Inside the vacuum chamber B (Fig.3*4) a miniature terminal 
board was mounted under the top-plate. Fine wires from the 
pick-up coil, temperature sensor ,temperature control heater and 
reference coil were soldered to it. From this terminal board 
different leads were connected to the outside of the cryostat. 
Picture 3*1(a) shows the terminal board. The inner helium can J 
can also be seen. The connections to the measuring equipment 
were made through the screened leads or coaxial cables. Picture 
3.1(b) gives the view of the cryostat above the top-plate. A 
number of screened leads, the vacuum chamber for the vibration 
generator, the Helmholtz pair and a number of vacuum tubes and 
valves can be seen.
3.2.7 VACUUM SYSTEM
The diameters of the connecting tubes were kept as large as 
possible. At the cryostat cap usually 15 mm and 25 mm pipe 
systems were used. However these were connected to much larger 
diameter pipes running down to the vacuum pumps which were on the 
floor. Figure 3*6 shows the general layout of the vacuum system. 
Two vacuum pumps were used: 1) A mechanical rotary pump for
pumping helium gas from the inner helium can; 2) A
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Fig. 3.6 Vacuum System.
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Diffusion-Rotary pump system for the evacuation of vacuum 
chambers of the cryostat. The rotary pump (NGN PSR/6) had a 
speed of 221 litres/min. and the oil diffusion pump (NGN OPW 
350) had a speed of 350 litres/sec.
3.2.8 LEAK TESTING
As there was a great number of tubes and joints in the cryostat 
a lot of time was taken up in the leak testing. Two methods were
used for this purpose. The first method was to seal the system
and apply a slight overpressure using a small air compressor and 
then painting the outside of the tubes with soap solution. Any 
leak would form a bubble.
Although this is a rough method and is usually applied for 
bigger leaks, a lot of leaks were detected, some on the joints
and others on the stainless steel tube itself. The other method
was to evacuate the system to a high vacuum and then to scan the 
system with a fine jet of helium gas and detect the changes in 
the pirani gauge' reading. A differential amplifier was used to 
read any change of pressure.
Many of the small leaks were mended by resoldering the joints
or aralditing them. However some stainless steel tubes, which
had bad leaks, have had to be changed in situ.
3.2.9 GLASS DEWARS
A pair of double walled glass dewars were held vertically on a 
dexion frame with expanded polystyrene supports. The liquid
helium dewar rested inside the liquid nitrogen dewar on a shaped
expanded polystyrene pad with rubber spacers on the side.
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The liquid helium dewar was about one meter long and 16 cm 
diameter with a tail at the bottom 25 cm long and 8 cm diameter. 
Near the top end (6 cm below the brim) a short length of glass 
tube with a glass tap was joined to the dewar for evacuating the 
space between the walls.
The liquid nitrogen dewar was of cylindrical shape 75 cm long 
and 20cm diameter.
Both the dewars were silvered with a clear slit of 2 cm running 
down the length on both sides for looking inside the cryostat.
5.2.10 LIQUID HELIUM TRANSFER SYSTEM
Inside the cryostat, which had been precooled to liquid 
nitrogen temperature, the liquid helium was transferred through a 
vacuum jacketed stainless steel tube. The inner tube was 2.8 mm 
diameter while the jacket was 10.56 mm diameter. The transfer 
tube reached to the very bottom of the glass dewar. The other 
end of the transfer tube was inserted into the liquid helium 
through an 'O' ring attachment. A football bladder and a helium 
gas outlet were also connected up with the transfer system. When 
the bladder was squeezed it forced the liquid helium through the 
transfer tube.
5.2.11 LIQUID HELIUM LEVEL DETECTOR
At a convenient position (about 10 cm above the vacuum chamber 
B) in the cryostat a liquid helium detector was placed. The 
detector was made out of a germanium thermometer element potted 
in a brass casing. A small heater coil was attached at its lower 
end. A small current was passed through this heater coil, while
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the resistance of the sensor was measured. As long as the sensor 
remained above the liquid helium level (in the cold vapors) its 
resistance does not change much because of the heater coil. 
However, when it is immersed in liquid helium, heat is taken away 
very quickly and the temperature of the sensor reduces sharply 
producing a large change in the resistance.
The heater coil was made of polyamide insulated nichrome of 8 
ohms resistance. It was attached to the germanium sensor body by 
GE 7031 varnish. When in operation a 0.25 amp current was 
supplied to it from a DC power supply at 2 volts (0.5 watt).
It was found that the resistance of the germanium sensor 
increased from 15 ohms in helium vapors to 1268 ohms when it was 
immersed in liquid helium. With this sharp change the level of 
liquid helium was detected within 2 mm or less.
3.2.12 PRECOOLING BY LIQUID NITROGEN 
The superconducting magnet being used inside the experimental 
cryostat was expected to use a lot of liquid helium in cooling 
down from room temperature to 4«2K for every experimental run. 
The other parts like the brass vacuum chamber etc. were quite 
heavy as well. Therefore it was decided to pre-cool the whole 
cryostat with liquid nitrogen.
Liquid nitrogen was transferred into the cryostat from the 
container using the same transfer tube as for the liquid helium. 
The only difference was that instead of a football bladder a tube 
from a small compressor was connected to it. This created an 
over-pressure of 0.2 atmosphere inside the container and forced
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the liquid nitrogen into the cryostat. To suck the liquid 
nitrogen back out of the cryostat a reverse system was used i.e. 
the compressor is replaced by a vacuum pump. It took 10 minutes 
to fill in and 15 minutes to empty the cryostat.
3.3 ELECTRICAL CIRCUITS AND DEVICES
3.3.1 MEASUREMENT OF SIGNAL 
The general layout for the signal measurement is shown in fig 
3.7. VG is the vibration generator, R is the reference coil, H 
is the Helmholtz pair, P is the pick-up coil, SP is the specimen, 
S is the superconducting solenoid, A is the signal generator ( 
Gould, J3B ), B is a lock-in amplifier ( Brookdeal,9401 ), C is a 
low noise amplifier ( Brookdeal 450 ), D is an oscilloscope ( 
Solartron CX1448 ) and E is a digital voltmeter ( Solartron ).
Two methods were used *, the dotted line distinguishes one from 
the other. In the first method, the signal generator drives the 
vibration generator. The signal from the pick-up coil is fed 
into the lock-in amplifier. THe reference signal for the lock-in 
amplifier is derived from the signal generator. Output of the 
lock-in is displayed on a meter on the instrument. The output is 
also connected to the oscilloscope. The oscilloscope displays 
the shape of the signal.
In the second method a direct current is supplied to the 
helmholtz pair H so that the reference coil R produces a signal 
of the same frequency and phase as the pick-up coil. The pick-up 
coil and reference coil are connected together in series 
opposition so as to cancel the signals. The combined output is
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Fig. 3.7 Signal Measurement.
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connected to the lock-in amplifier and low noise amplifier. The 
current in the helmholtz pair is adjusted to get a null point. 
The reference to the lock-in is taken from the signal generator 
again.
In the null point method the susceptibility of the specimen is 
proportional to the direct current passing through the helmholtz 
pair. This has an added advantage that the susceptibility 
measurement is independent of the amplitude and frequency of 
vibration. It is also independent of the amplifier gains.
3.3.2 VOLTAGE MEASUREMENTS
All the dc voltages (from the lock-in amplifier and from across 
the standard resistors put in series with various current 
supplies) were measured with a single digital voltmeter of a high 
impedence (2 to 5 Giga ohms).
An eleven-way switch was used to change over from one circuit 
to the other.
The digital voltmeter had automatic range control and could 
read negative or positive voltage. The smallest measurement is 
1 mV
3.3.3 RESISTANCE MEASUREMENT
The four probe technique was used for resistance measurements. 
The current was provided by a constant current source (Lakeshore 
cryotronics CCS-EXB, range: 1 fx A to 2 mA) and voltage was
measured by the Solartron digital voltmeter.
The constant current source was externally programable by a 
variable resistor. A megohm resistance box was used to set the
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current. Typically a 5 megohm resistor would set a current of 1 
f*A. The current was not affected by the change in the load 
resistance. An optimum value of current was selected for 
measuring a resistance so as to avoid Joule heating and yet 
maintain the sensitivity. A thermoelectric-free reversing switch 
(H.Tinsley & Co. Ltd, Type 4092) was used to change the 
direction of the current for every reading. This was done to 
reject any spurious emf present in the circuit.
3.4 OPERATION OF CRYOSTAT 
Various stages of assembly of the cryostat before a run are 
shown in picture 3»2.
Picture (a) shows the bare cryostat with the specimen mount and 
pick-up coil visible. At this stage the specimen can be mounted 
and the pick-up coil's height adjusted and all the wiring 
checked; picture (b) shows the vacuum jacket in position; 
picture (c) the superconducting solenoid held in position with 
three brass chains; picture (d) the cryostat is ready for the 
run, the set of glass dewars are in position.
The pick-up coil was lifted up by the adjusting mechanism, and 
the specimen wrapped in a copper foil was attached to the copper 
mount. The pick-up coil was brought back to its normal height so 
that the specimen was located in the middle of the coil system. 
At this stage all the electrical connections were checked and 
then the vacuum jacket was placed in position and sealed with an 
indium wire between the flanges. The vacuum pumps were now 
switched on, the rotary pump first and the diffusion pump later.
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PIC.3.2 Assembly stages of the cryostat.
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When a reasonable vacuum had been achieved, the power to the
vibration generator was switched on. Passing a current through
u
the Helmholtz coils a reference signal could now be continously
A
displayed on the oscilloscope. The glass dewar set was lifted up 
on a hydraulic jack and attached to the top-plate with a rubber 
sleeve to give a gas-tight joint. The liquid helium dewar was 
evacuated and the glass tap was closed; this left a good vacuum 
for one experimental run. The outer liquid nitrogen dewar was 
filled while the liquid nitrogen was also transferred to the 
helium dewar for pre-cooling. At the same time the liquid 
nitrogen can was also filled. After sucking out all the liquid 
nitrogen from the inner dewar, the liquid helium transfer was 
started. When the cryostat was about half full with liquid 
helium (a few centimeters above the vacuum chamber) the filling 
was stopped and the current to the superconducting magnet was 
switched on. At the same time the temperature measuring 
operation was also started (passing the constant current through 
the sensor and reading the voltage across it). The signal from 
the pick-up coil was connected up with the electronic measuring 
circuit. The magnetic field was adjusted by changing the current 
through the solenoid. The solenoid was then put into persistent 
mode (no power taken up from the power supply). The temperature 
was changed by passing a small current through the heater coil on 
the specimen mount system. The frequency and amplitude of 
vibration was changed by adjusting the signal generator. The 
level of liquid helium was monitored closely and when low, was
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replenished.
3*4.1 SPECIMEN MOUNTING 
The specimen mount and pick-up coils are shown in picture 3*3* 
The specimen for mounting was prepared by cutting it with a 
diamond saw to the dimensions of 3 mm length, 1 mm width and 1 inm 
thickness roughly. This small piece was lightly painted with GE 
7031 varnish and a rectangular piece of niobium (3 mm x 1mm x 
0.12 mm) was stuck on one side of it. The sample was then 
wrapped at one end of a 2 cm long copper foil coated with GE 7031 
varnish. This gave it a good thermal contact with the copper 
foil. A fine copper wire was used to keep the foil tightly bound 
to the specimen until it dried. The other end of the foil was 
rolled into a tube so as to push-fit on to the copper specimen 
mount. A small amount of Apiezon N type grease was used to slide 
it on the copper mount.
PIC.3.3 The pair of pick-up coils,specimen mount 
and the lower helium can.
CHAPTER 4
CRYOSTAT POR ELECTRICAL MEASUREMENTS
4.1 CRYOSTAT DESIGN 
A very simple cryostat assembly was designed which could be 
directly lowered into the liquid helium transport vessel. The 
main part of the cryostat is shown in fig 4.1. A strip of copper 
foil CF (12 cm X 2.5 cm) was bent at the edges (0.5 cm each side) 
to form a rail with a channel section.At one end a piece of 
terminal board B (made out of vari-board) was stuck with GE 7051 
varnish. The circular specimen S was stuck to the copper foil by 
epoxy resin (Araldite). A copper coil temperature sensor C and a 
germanium sensor G were also bolted to the foil with Apiezon N 
type grease applied to the foil for good thermal contact at low 
temperatures. Four fine copper leads L from the terminal board 
were attached to the specimen with silver loaded epoxy resin 
(EPO-TEK H20E). Finally the specimen and the leads were 
completely covered with epoxy resin to keep the specimen,leads
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Fig. 4.1 Specimen Mount for Resistance Measurements.
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and the foil firmly in position. This whole arrangement was 
bolted to a long stainless steel tube T (1 cm diameter) .
4.2. ELECTRICAL LEADS
The four-probe technique was used to measure changes in the 
resistances over a range of temperature.
The leads (12 in all) , four from the thermometer 
sensors(Copper and germanium) each and four from the specimen 
were passed through the stainless steel tube T and connected up 
with the measuring devices. The current leads were connected to 
the constant current source through a change over switch and a 
thermal-free reversing switch.The reversing switch was used to 
change the direction of the measuring current in order to purge 
the spurious emfs. The voltage leads were connected through the 
multipole switch to a digital voltmeter.
The connections to the specimen (L) were first soldered on to 
the terminal board (B) and the other ends were then attached to 
the specimen with silver epoxy. It was cured at 120°C in an oven 
for 15 minutes. After this Araldite was applied profusely to 
cover the specimen and leads.Then this was cured at 80°C for two 
hours. Nine specimen mounts were made in this manner which could 
be changed quickly for each run. Picture 4.1 shows the
mounted specimens.
4-3 OPERATION
The cryostat in operation is shown in fig 4.2. A 1.5 m 
stainless steel tube T is passed through an expanded polystyrene 
cap P (6 cm thick and 12 cm diameter) with a faucet F cut on the
60
m p
CF
(a)
«P
TR
VE
CF
(b)
Fig. 4.2 (a) Resistance Measuring Device
(b) Lowered Inside the Liquid Helium Container.
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lower face to snugly fit the opening at the liquid helium vessel 
VE. This polystyrene cap could slide over the whole length of 
the tube T. Inside the liquid helium vessel the tube TR from the 
top was connected to the liquid helium reservoir R which had a 
vacuum jacket V. The liquid helium level is shown by H.
The apparatus shown in fig 4*2 (a) is first lowered into a 
liquid nitrogen dewar with the cap P closing on to its top. It 
was slowly lowered in steps pausing at each step for some time so 
as to reach a thermal balance.The readings for the specimen 
resistance and temperature sensors were taken at each stop.The 
foil CF finally touched the liquid nitrogen . The apparatus was 
then quickly taken out of the liquid nitrogen dewar and lowered 
into the liquid helium vessel VE. With the cap P held at the 
neck of the vessel, the specimen mount was slowly lowered down, 
the tube TR in steps with long pauses . Readings were taken as 
before. In this way almost the entire range ,room temperature to 
liquid helium, was covered.
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PIC.4-1 The specimens mounted on copper foil for
resistivity measurement.
CHAPTER 5
SPECIMEN PREPARATION
The specimens of lithium titanate were prepared by sintering 
powders of lithium carbonate and titanium dioxide in a reducing 
atmosphere at 850°C:
Li2C03 + 4Ti02 + H2(gas) = 2LiTi204 + C02 + H 20
5.1 POWDER MIX
Two groups of specimens were prepared with lithium carbonate 
and titanium dioxide taken from two sources. One is denoted ’PH' 
and the other ’CH*.
THE CH group of specimens were mixed in the usual manner.The 
two powders were crushed with a pestle and mortar and
mechanically mixed for a few hours and pellets were prepared by
compressing.
The PH group was first crushed and mixed mechanically and then 
acetone was added.This mixture was stirred to form a well
distributed suspension. The acetone evaporated slowly while the
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stirring was continued. In the end it formed a thick paste which 
was left overnight to dry out. The dried up powder was crushed 
again and mechanically mixed in the usual way. Specimen pellets 
were produced from this mix.
5.2 POWDER MIX RATIO 
The powders of each group were mixed in five different ratios 
to obtain varying stoichiometry. One of these was the normal 
stoichiometric ratio (LiTi204 ). Table 5*1 shows the different 
ratios denoted A,B,C,D and E (Type B is the normal stoichiometric 
ratio). The value of x in Li-|+X Ti2_x 04 is also given.
TABLE 5.1
SPECIMEN RATIO [ Li2C03 :Ti02 ] X
A 73:320 -0.0089
B 73.8873:319*5952 0.0000
C 74:320 +0.0002
D 75:320 +0.0091
E 76:320 +0.0180
5.3 SINTERING
The powder was compressed in a die and plunger made of 
stainless steel. A force of about 500 Kg was applied using an 
Instron compression machine.Cylindrical specimens of 1 mm 
thickness and 10 mm diameter were produced.The thickness of 1 mm 
was chosen to permit good diffusion of hydrogen through the bulk 
of the specimen. The pellets were placed vertically on a silica 
tray and inserted into the furnace tube (5 cm diameter). 
Hydrogen gas was passed through the tube at the rate of about 0.4
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litres per minute. At the outlet the gas was passed through a 
gas bubbler and burnt into a flame.The temperature was set at 850°C 
using a programmable temperature controller.
It took two hours to reach 8 5 0 % which was then maintained for
40 hours and then the furnace was switched off after that. The
furnace cooled down to room temperature in five hours.
5.4 X-RAY ANALYSIS
The powder diffraction method was used to analyse the
specimens. A small piece of the specimen was crushed in a
polished agate mortar to a fine powder. This was loaded into a
fine glass capillary tube (0.5mm diameter) and mounted in a
vr>
Debye-Scherrer camera of 114«6pm diameter. Copper Ka radiation 
(wavelength=1.54184 angstrom) was used with a nickel filter.
The diffraction patterns on the film were measured on a 
standard device to an accuracy of 0.1 mm. As is well known, the 
higher values of 20 give a more accurate unit cell size, and so 
the values from the small angle measurements were extrapolated to 
the value for 2 0 =180 degrees. The Taylor-Sinclair extrapolation 
method was used.
The a0 values were tabulated against the values of the term
1 /Cos20 , Cos20 \ .
2 I n 20 +  — -—  I . A linear regression method on the 
computer was used to generate a straight line y = A + Bx ,where A
and B are constants, y is the value of a 0 and x is the
1 /Cos20 , Co s20 \
corresponding value of 2 I$ ' j  n  2 ^  +  q-- ) • The standard error
in the coefficients A and B was also calculated. This procedure
yields the intercept A, which is the value of a 0 for 20 = 180° .
CHAPTER 6
RESULTS
6.1 X-RAY ANALYSIS 
The unit cell parameter a0 was found to vary with the ratio of 
the powder mix. Table 6.1 gives the values of the unit cell 
dimension for the two groups of specimens(CH and PH) mixed in 
five different stoichiometric ratios.The values of x in the 
formula Li1+xTi2_x04 are also listed.
TABLE 6.1
SPECIMEN a 0 (Angstrom) x x103
CHA 8.3770 +0.008 8.9
CHB 8.4056 ±0.003 0.0
CHC 8.3874 +0.007 0.2
CHD 8.3814 +0.004 9.1
CHE 8.3514 +0.006 18.0
PHA 8.3705 +0.012 8.9
PHB 8.4106 +0.004 0.0
PHC 8.3775 +0.005 0.2
PHD 8.3694 +0.008 9.1
PHE 8.3900 +0.009 18.0
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It can be seen from table 6.1 that the value of a 0 was highest 
for the nominal stoichiometric composition (sample B in both 
groups).Both Lithium-rich and Titanium-rich compositions have 
lower values of a 0 .
A graph drawn between the value of x in Li|+xTi2_x0^ and a 0 is
shown in figure 6.1. It seems that the higher the deviation from
the nominal stoichiometric composition the lower is the value of
a Q .Figure 6.1(a) shows the variation of the a values with x in
the CH group of specimens for which the powders were mixed in
liquid acetone.Figure 6.1(b) shows the variation for the PH group
of specimens for which the powders were mixed in dry
t
condition.The points for the PH group are more scatered showing
A
an anomaly for specimen E.The CH group,on the other hand,has a 
smooth graph with only one maximum at point B (x=0).It may be 
concluded that the CH group of specimens was more uniformly 
mixed. In the PH group there could have been a varying ratio of 
mix in the bulk of each specimen.
In the x-ray powder diffraction pattern there were fewer lines 
visible for non-stoichiometric specimens. The greatest number of 
lines were present for the specimen B of both groups. However 
all the lines could be accounted for when indexed for a face 
centred cubic structure.The powder photographs showed a dark 
background and the lines were generally diffused and 
broadened.This is believed to be due to small crystal size and 
defects.
The reflections of the type h2+k2+l2 = 16n+8 were absent which
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FIG.6.1 Variation of unit cell parameter with composition 
(a) CH group of specimens;(h) PH group of specimens.
means that Ti ions did not occupy the tetrahedral site[7j« 
However this could not be positively confirmed since fewer lines 
were observed on the whole.
6.2 ELECTRON MICROGRAPHS
Scanning electron micrographs were taken of one of the 
specimens(PHB).The surface of the specimen was studied without 
any polishing .Figures 6.2,6.5 and 6.4 show the surface texture 
of the specimen pellet. With low magnification (Fig.6.2) a 
number of pores (or holes) can be seen randomly distributed 
across the surface.The pore size ranges from 2 microns to 10 
microns.An average of 3*5 microns was calculated from the 
measurement of 20 randomly selected pores. An interesting 
feature is the precipitates ( some of them marked 1,2,3»4 and 5) 
on the surface,which is most likely to be unreacted powder.Figure 
6.3 shows the surface texture more clearly (magnification 
5000x).Small needle-like crystals are seen scattered on the 
surface of the specimen rather un-evenly. This could be one of 
the phases produced during sintering.In fig. 6.4 the needle-like 
crystals are more evenly but less densely distributed.
6.3 MAGNETIC MEASUREMENTS
A piece of niobium (2 mm x 4 mm x 0.508 mm) was placed 
alongside the specimen (No. C2 from the old batch) to observe 
the signal output at low magnetic fields due to the diamagnetic 
moment of the superconducting niobium (Tc =9»2 K). A graph was
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Fig 6-2 Scanning electron micrograph of the surface of 
the specimen PHB (Magnification xlOOO). The agglomerates 
(e.g. 1,2,3,4 and 5), precipitated on the surface, are 
probably unreacted powder. Pores, some large and some 
small, can also be seen. The average pore size, of the 20 
randomly chosen pores, is 3.5 microns with a standard 
deviation of 2.3 microns.
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Fig. 6.3 Scanning electron micrograph of a randomly 
selected area on the surface of the specimen PHB 
(Magnification x5000). The agglomerates marked X,Y and 
Z are the precipitates. The areas K and L show the 
surface of the bulk material. The squares A,B and C 
show a collection of needle-like crystals of varying 
lengths and diameters. The average length is 0.80 micron 
and diameter 0.17 micron. The pores are marked 1,2,3,4,5 
and 6.
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Fig. 6.4 Scanning electron micrograph of another area 
of the specimen PHB ( Magnification x5000). The needle­
like crystals are more evenly distributed on the surface.
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drawn (Fig.6.5) between the applied magnetic field
(superconducting solenoid) and the magnetic moment of the
niobium+specimen which was proportional to the lock-in amplifier
output.It is clear from the graph (Fig.6.5) that the vibrating
coil was able to detect the change in the magnetic moment fairly
1^ 0
accurately.The value of,HC2 for niobium,read off the graph is 0.3
A
Tesla at 4«2 K.
In another experiment the magnetic field was fixed at 0.15
Tesla and the temperature of the niobium+specimen assembly was 
varied from 4»2 K to 12 K. Figure 6.6 shows the variation of the 
magnetic moment with temperature.As the temperature was increased 
the diamagnetic moment of the niobium decreased ,slowly 
transforming from the superconducting to the normal state 
(traversing the mixed state). It becomes zero at 8.5 K and goes 
positive(paramagnetic) as the temperature is further raised.
Note that the superconducting critical temperature,Tc , for 
niobium at zero field is 9-2 K.The reduction of T c to 8.5 K is
due to the applied magnetic field.
For the above two experiments the VCM was operated at a 
frequency of 120 Hz. The output for the first experiment 
(Fig.6.5) was taken from the low-noise amplifier.The output for 
the second experiment (Fig.6.6) was derived from the Lock-in 
amplifier and is assumed to be proportional to the magnetic 
moment.
As the number of experimental runs was limited , only one good 
set of data could be obtained for the magnetic behaviour of a
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specimen.The specimen was PHB in a magnetic field of 2 Tesla
(produced by the superconducting solenoid). The VCM was operated
at a frequency of 893 Hz. Figure 6.7 gives the variation of the
magnetic moment with temperature. A sharp change in the magnetic
moment at 7 K is apparent. Since the experiment could not be
repeated, it can not be said with certainty that the transition
at 7 K was a superconducting transition of the specimen PHB. An
instrumental error could not be ruled out. However if it is
a
assumed to be due to.superconducting transition, the value of the
A
magnetic moment would be expected to be negative as the specimen 
would become diamagnetic in the superconducting state. It was 
noticed that the phase angle between the signal and the reference 
changed by 10° at the point of transition.
Similar experiments on previous occasions (on other specimens) 
showed very small, erratic changes in the Lock-in amplifier 
output which could not be distinguished from the signal drifts.
In another experiment, the magnetic field due to the 
superconducting solenoid was changed in a cyclic manner in an 
attempt to study the hysteresis behaviour. The specimen CHB was 
loaded in the cryostat in the usual manner and the magnetic field 
was changed from 0 to 1.5 Tesla noting down the magnetic moments 
at several points. The field was reduced to zero and reversed in 
direction. It was raised to 1.5 Tesla again and was finally
reduced to zero. The magnetic moment was derived from the
Lock-in amplifier. Figure 6.8 shows the graph for the hysteresis
effect. Neglecting the low field values which were due to the
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FIG.6.8 The hysteresis effect for specimen 'CHB'.
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diamagnetic niobium, a very small hysteresis affect is observed. 
The temperature was kept constant at 4*2 K.
6.4 ELECTRICAL MEASUREMENTS 
Figure 6.9 shows the variation of resistance with the 
temperature for 'four specimens [CHA(G1),CHE(G2),PHB(G5) and 
PHC(G4)J* For all the specimens the behaviour above Tc was 
semiconductor-like (resistance increasing with decreasing 
temperature). The superconducting transition was found to be 
rather broad. Table 6.1 gives the values of the superconducting 
onset temperatures(Tc-onset),Tc (mid-point) and A T c  of five 
specimens.
TABLE 6.1
SPECIMEN Tc-onset (K) Tc-mid point (K) A T C (K) 
CHA(G1) 10.2 8.1 5
CHE(G2) 9-0 7.0 4
PHB(G5) 9-0 7.2 5-5
PHC(G4) 10.5 8.5 5.5
CHD 9.5 6.8 5-5
The rough estimate of normal state resistivity pn is given in 
Table 6.2. The resistivity at room temperature and at a 
temperature just above Tc is given for five specimens. The ratio 
of room temperature resistivity to the resistivity at T c onset is 
also given.
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TABLE 6.2
SPECIMEN RESISTIVITY RESISTIVITY P
295 K
P
295 K
PT-
TC ONSET
P
Ohm-m(fi-cm) Ohm-m(fi-cm) TC ONSET
CHA 0.0065(0.65) 0.0189(1.89) 0.34
CHE 0.0320(3.20) 0.1234(12.34) 0.26
PHB 0.0395(3.95) 0.0847(8.47) 0.47
PHC 0.0383(3.83) 0.1787(17.87) 0.21
CHD 0.0751(7.51) 0.1715(17.15) 0.44
6.5 PREVIOUS ATTEMPTS AT SPECIMEN MAKING 
The two previous specimen making runs in a smaller furnace were 
not very successful. In one of the runs lithium titanate was 
obtained but the a 0 value was too low ( ~  8.36 angstrom). In the 
other run the specimen had a large amplount of impurity phases. 
The x-ray powder diffraction pattern could not be indexed for 
cubic structure. Th-o -valuo of Sin2 — )-rtfbieh—sho-uld— be
a—constant £or__di££er-ent--- hykTi reflections?--had Large—
variations-rAiso— tfee— forbidden— h~+k~±-l~— values —C-7-,-1-5,-23 y-28 vr-rr-)~ 
fer-eubie-— structure— were— a-l-so— -present.. It is assumed that 
structures other than cubic were also present . Attempts at 
identifying the other phases were inconclusive.
CHAPTER 7
DISCUSSION AND CONCLUSION
7.1 SPECIMENS
The LiTi204 was prepared by a reactive sintering method using 
pure hydrogen as the reducing agent. It appears that the 
diffusion of hydrogen is important for complete chemical 
reaction. The first two specimen making runs using a smaller 
furnace which restricted the flow of hydrogen, produced very poor 
quality specimens. The third specimen making run which used a 6 
cm diameter furnace tube produced much better specimens. The 
effect of the powder mix ratio on the unit cell parameter has 
been shown (fig.6.1). The effect of mixing method ( dry or wet 
process ) is also evident from the results.
The unit cell size seems to decrease as the ratio of the powder
mix deviates from the nominal stoichiometric ratio. It was found
that the wet process of mixing powders gave a more homogeneous
mixture. In reactive sintering process the quality of mixture is 
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based on statistical randomness and the standard deviation is 
inversely proportional to the number of particle considered L71J. 
It is clear that larger amounts of powder mix will give better 
composition. The effect of mixing powders (A1203 and MgO to form 
the spinel MgAl204 ) on sintering has been shown by Rossi et al. 
[72J. They found that at 100 revolutions of the mixer, 50 
percent of the powder converts into spinel after sintering. 
However at 100,000 revolutions a complete mix is obtained and 
almost all the powder transforms into spinel.
The X-ray powder diffraction photographs were found to have a 
dark background and showed general line broadening. The high 
angle lines were almost invisible and indeed very few were 
present. This could be related to a disordered crystal structure 
and small grain size.
The value of the unit cell parameter a 0 ,for the nominal 
stoichiometric ratio (specimens CHB and PHB) agrees well with 
that found by Johnston et al.[6J ,Grimes et al.[8j and Roy et
ref-l-ee-t-ions—should— be—a-bsent— and— a-ls©— for— hOO— indices-,— b=4-n 
r e-f-le c-t-i-ons should— be— absent-;----------The— d i  j fL f .r a  c l J  c n  p a  1 1 e  r n  i  a  T
for--- the— systematic— absences— were— completely— f-u-l-f-illed— (no-
al.L9J•
p T T P . p A g j h - i  j r n < = t _ j f r v r . _  g p a  o  p  g ~ r o n p
e
two—re - fle c tio n s — bre ak— the- euie— that— for— hkO—indices-,— h-H^-4n
 The— requi-rment-
f o rb-i-dd e n—1-i-nes- h)—— It—can— be— concluded that— the
instead .of group Ed3m which— was tradit'iTrnail-y— considered— to-
r-epresent spineis-^ -
7.2 THE CRYOSTAT
The cryostat was designed for magnetic measurements on the 
specimen at low temperatures. The Vibrating Coil Magnetometer 
principle was used , the uniform magnetic field being produced by 
a 2 Tesla superconducting solenoid. The signal was processed 
through the lock-in amplifier system.
The change in the magnitude of the diamagnetic moment of a 
small piece of niobium (placed alongside the specimen) with the 
applied magnetic field and temperature was clearly detected by 
the magnetometer (figs.6.5,6.6). The applied magnetic field in 
this case was < Hc2 of niobium ( ~  0.3 Tesla). At higher 
magnetic fields the superconductivity of niobium is destroyed and 
only the specimen is expected to show superconducting behaviour. 
In one such experiment using a field of 2 Tesla , a sharp change 
in the signal was detected by the lock-in amplifier at ~  7 K with 
a A T C K. Because only a few experimental runs were available, 
this transition could not be confirmed.
During design of the cryostat serious limitations were faced 
due to the use of the already available apparatus. The 
superconducting solenoid having an inner diameter of 2 cm offered 
very limited space for the vibrating coil assembly,specimen mount 
and vacuum jacket. Everything had to be miniaturised and many 
problems cropped up alongwith it. Sudden vanishing of the signal
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was sometimes observed. It is thought that this was due to a 
vibrating component touching the stationary part inside the small 
space.
Another serious limitation was the use of a single phase 
lock-in amplifier in which the phase angle is adjusted 
manually.As the phase angle between the reference signal and the 
signal from the cryostat was changing during the course of a run, 
it was not possible to measure the signal very accurately.From 
the time when the phase is adjusted to the time the reading is 
taken, there could have been a drift in the phase angle. For 
this situation a two phase lock-in amplifier is best suited. In 
the two phase lock-in amplifier the input is split into two parts 
which are processed by two phase-sensitive detectors(,PSD). The 
phase of the reference signal to one PSD is made exactly 90 
degrees different from the other PSD. The two outputs when added 
up, give the instantaneous magnitude of the signal. The 
operation is continuous and no phase adjustment is required.
7.3 ELECTRICAL MEASUREMENTS
The electrical resistance of all the specimens increased with 
decreasing temperature from room temperature down to the onset of 
superconductivity. The rise in resistance was sharper at lower 
temperatures. Whether this semiconducting behaviour was due to a 
semiconductor phase of the Li-Ti-0 system or because of the 
granular nature of the specimen,was not very clear.In a separate 
experiment the current through a specimen was varied from 1 /tA to 
100 /zA in 36 steps. The resistances measured for each current
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were found to be more or less constant.The standard deviation was 
found to be 0.145 ohm for the average value of 6.419 ohms. The 
ohmic behaviour could not be confirmed since higher current 
through the specimen was not possible due to the nature of the 
electrical contacts.
The superconducting transition temperature (mid-point) for the 
five specimens ranged from 6.8 K to 8.5 K. The Tc onset was 
between 9 K to 10.5 K. The transition was broad with an average 
average A T C ~4.5 K. The Tc values are lower than that reported 
by Johnston et al.[6J,Grimes et al.[8J, Roy et al.[9J and Inukai 
et al. L10J- The A T C values are higher compared with those 
found by these authors. The approximate resistivity ranged from 
0.0065 to 0.0751 which is much higher than that reported
before.Roy et al. L9J have reported resistivities of the order 
of 0.001Q m and 2x10 fl-m. The resistivities for the LiTi204 thin 
films have been reported by Inukai et al. U O J  in 'the range of 
4.3x106 to 2x10 4Q-m.
The semiconducting behaviour ,broad A T C and the X-ray 
diffraction photographs, suggest that the specimens were 
multi-phased and granular. Filamentary superconductivity might 
also be involved in the process.
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